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Mechanisms through which high glucose concentration raises
[Ca21]i in renal proximal tubular cells.
Background. The basal levels of cytosolic calcium ([Ca21]i) of
renal proximal tubular cells of rats with streptozotocin-induced
diabetes are elevated. It is possible that this phenomenon is
mediated by the hyperglycemia, which may cause both increased
calcium influx into and/or decreased calcium efflux out of these
cells.
Methods. We examined whether high glucose concentration in
vitro causes acute rise in [Ca21]i of freshly isolated renal proximal
tubular cells and explored the pathways that are involved in such
an event.
Results. There were dose and time dependent increments in
[Ca21]i of renal proximal tubular cells exposed to high concen-
trations of glucose. A similar effect was observed with equimolar
concentrations of mannitol or choline chloride but not urea. A
substantial part of the rise in [Ca21]i was inhibited when the
media contained verapamil, nifedipine, amlodipine or ryanodine
and when the cells were placed in a calcium free media. Inhibitors
of G protein(s) (GDPbS or pertussis toxin), inhibitors of cAMP-
protein kinase A pathway (RpcAMP or H-89), inhibitors of
protein kinase C (staurosporine or calphostin) and inhibitor of
Na1-H1 exchanger (HOE 694) blocked the rise in a dose
dependent manner. High glucose concentration also caused a
decrease in ATP content of these cells and a reduction in the Vmax
of their Ca21ATPase.
Conclusions. The results are consistent with the formulation
that the osmotic activity (cell shrinkage) of the high glucose
concentration may activate a stretch receptor with subsequent
stimulation of various cellular pathways including G protein(s),
cAMP-protein kinase A and phospholipase C systems and calcium
channels. Activation of these cellular pathways permits both
calcium influx into renal tubular cells and mobilization of calcium
from their intracellular stores. Further, a decrease in calcium
efflux secondary to the reduction in the Vmax of Ca
21ATPase may
occur. It is possible that the rise in [Ca21]i is critical for the
stimulation of the events that lead to restoration of cell volume to
normal.
Available data indicate that diabetes mellitus, in both
animals and humans, is associated with an elevation in the
basal levels of cytosolic calcium ([Ca21]i) in many cells
[1–9]. This phenomenon was observed in both insulin
dependent and non-insulin dependent diabetes mellitus
[1–9], suggesting that hyperglycemia per se may play an
important role in the genesis of the elevation in the basal
levels of [Ca21]i. Indeed, several investigators reported that
the exposure of insulinoma cells [10], pancreatic islets [11],
human red blood cells [12] and cultured rat artery vascular
smooth muscle cells [13] to high glucose concentrations
caused an acute rise in [Ca21]i of these cells.
The mechanisms responsible for this effect of hypergly-
cemia are not well understood. Damerdash et al have
shown that hyperglycemia causes an acute increase in
calcium entry into polymorphonuclear leukocytes through
the activation of calcium channels that are blocked by
verapamil as well as stimulation of calcium release from
intracellular stores [14]. Smogorzewski, Galfayan and
Massry reported that high glucose concentrations also
activate the calcium channels of cardiac myocytes and
cause an acute rise in the [Ca21]i of these cells [15].
Recently, Marcinkowski et al reported that the basal
levels of [Ca21]i of the renal proximal tubular cells of rats
with streptozotocin-induced diabetes mellitus are also ele-
vated [16]. This finding implies that hyperglycemia may also
augment calcium entry into these cells. However, there are
no data on the effect of high glucose concentrations on
[Ca21]i of the renal proximal tubular cells nor on the
potential cellular pathways that may be activated by glucose
leading to a rise in [Ca21]i of these cells. The present study
examined these questions.
METHODS
A total of 200 Sprague-Dawley rats weighing 350 to 450
(388 6 2.2) g were studied. They were fed normal diet
(Wayne Research Animal Diet, Bartonville, IL, USA) and
allowed to drink water ad libitum.
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The proximal tubular cells were isolated using a modifi-
cation of the method of Vinay, Gougoux and Lemieux [17]
and reported by us [18]. The animals were injected with
5,000 U of heparin sodium (ICN Biochemical, Irvine, CA,
USA), and 15 minutes later the rats were killed by decap-
itation. The chest was opened, the thoracic aorta was cut,
and a 16-gauge cannula was inserted. The abdominal aorta
below the kidneys and the superior mesenteric artery were
clamped and the inferior vena cava was cut below the renal
veins. Subsequently, the kidneys were perfused in situ with
30 ml of cold (4°C) oxygenated 1 mM calcium-Joklik
medium (Sigma Chemical Co., St. Louis, MO, USA)
supplemented with 5.5 mM sodium-N-2-hydroxyeth-
ylpiperazine-N9-2-ethane sulfonic acid (sodium-HEPES)
and 10 mM glucose (pH 7.2) over two minutes. At the end
of this procedure, the kidneys were removed, and their
capsules were stripped. The cortices of the kidneys were
separated from the medulla and cut into small pieces.
These fragments were placed in 30 ml of oxygenated
digestion solution containing 250 U/ml type II collagenase
(Worthington Biochemical, Freehold, NJ, USA) and 0.65
mg/ml hyaluronidase (Sigma), pH 7.2, for 10 minutes at
37°C. The mixture was then passed through a 16-gauge
needle, and the digestion was continued for an additional
30 minutes at 37°C. The mixture was then placed on
250-mm mesh Nitex screen (Tetko, Elmsford, NY, USA)
and washed twice by centrifugation with calcium-Joklik
medium supplemented with sodium-HEPES (10 mM), glu-
cose (5.5 mM), and 1% bovine serum albumin (BSA), pH
7.4. Purification of the proximal tubular cells was made with
Percoll gradient after the loading of the cells with the
acetoxymethyl ester of Fura 2 (Fura 2-AM; Sigma). Docu-
mentation of the purity of the renal proximal tubule cells
were made by electron microscopy. Indeed, 95% of the
cells had ultrastructural characteristics of proximal tubules.
Cytosolic calcium was estimated with Fura 2-AM. Fluo-
rescence was measured with a Perkin Elmer fluorometer
LS 5B (Perkin Elmer, Norwalk, CT, USA) at excitation
wavelengths of 340 and 380 nm and emission wavelength of
510 nm. Calculation of [Ca21]i was made using the Grynk-
iewicz equation [19]. We assumed that the dissociation
constant (Kd) for [Ca21]i-Fura 2 is 225 nM. The details of
this method was previously reported from our laboratory
[18].
Adenosine 59-triphosphate (ATP) content of the renal
proximal tubular cells was measured according to the
method of Lundin et al [20]. An aliquot of 0.25 ml of 0.6 M
ice cold perchloric acid was added to 0.25 ml of cell
suspension. After 10 minutes of extraction on ice, we added
62.5 ml of 2 M potassium carbonate, and the mixture was
centrifuged at 10,500 g for 10 minutes. The supernatant was
removed and immediately frozen with liquid nitrogen and
stored at 270°C. On the day of the assay, 50 ml of the
supernatant was diluted five times and 50 ml of this diluted
mixture was added to 100 ml of 40 mM Tris buffer (pH 7.8).
The sample was assayed for ATP by firefly luciferase with
LAD535 Luminometer (Turner Design, Sunnyvale, CA,
USA). Adenosine triphosphate standards were prepared
with 40 mM Tris buffer, distilled water, and amount of
Joklik medium, percholoric acid, and potassium carbonate
similar to those in renal proximal tubular cells preparation.
The Ca21ATPase activity of the renal proximal tubular
cells was determined with continuous monitoring of ATP
consumption with the use of firefly luciferase luminescence
technique [19], utilizing a modification of the method
described by Doucet and Katz [21]. An aliquot of 50 ml of
cell suspension was added to 1850 ml of medium containing
160 mM KCl, 20 mM MOPS, 5 mM MgCl2, 5 mM NaN3, 0.165
mM CaCl2, 0.2 mM EGTA and either 5.5 or 30 mM of
glucose pH 7.4. The concentration of free calcium in this
medium was 1.0 mM, and the activity of Ca21ATPase with
this calcium concentration represents the Vmax of the
enzyme [21]. Protein content of the renal proximal tubular
cells was measured by the method of Bradford [22].
Mannitol, choline chloride, urea, verapamil, nifedipine,
staurosporine, guanosine 59-0-(2 thiodiphophate) (GDPbS),
and pertussis toxin, were purchased from Sigma Company,
calphostin from Calbiochem (San Diego, CA, USA), N-
[2(P-bromocinnamyl]ethyl]-5-isoquinolinesulformide (H-89)
from Biomol Research Laboratory (Plymouth Meeting, PA,
USA), and ryanodine from ICN Biochemicals (Irvine, CA,
USA). Amlodipine was a gift from Pfizer Inc. (New York,
NY, USA), and HOE 694 was a gift from Dr. Florian Lang,
Tubingen University, Germany. Mannitol, choline chloride,
urea, pertussis toxin and GDPbS were dissolved in water
and verapamil, amlodipine, staurosporine, calphostin,
H-89, RpcAMP, and HOE 694 were dissolved in di-
methyl sulfoxide, and nifedipine in ethanol and then
diluted with water to obtain the required concentration.
The medium for studies in the absence of calcium did not
contain CaCl2 and had 0.1 mM EGTA.
Data are presented as mean 6 1 SE and statistical analysis
was done with the paired and unpaired Student’s t-tests.
RESULTS
There were time and dose dependent increases in
[Ca21]i of renal proximal tubular cells during their incuba-
tion in media containing high concentration of glucose
(Fig. 1). The incubation of these cells in a media containing
30 mM glucose was associated with a significant increase in
their [Ca21]i within 15 minutes, reaching a maximum value
by 30 minutes. The incubation of cells from the same
animal in a media containing 5.5 mM glucose did not affect
their [Ca21]i. The [Ca21]i of the renal proximal tubular
cells increased in a dose dependent manner when they were
incubated for 30 minutes in 10, 20, or 30 mM glucose; the
increments were 33 6 2.9, 61 6 3.3 and 87 6 1.2 nM,
respectively. These values were significantly different from
each other (P , 0.01). Similar effects on [Ca21]i of these
cells were observed when the incubation media contained
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mannitol or choline chloride providing similar molar con-
centration as glucose. In contrast, incubation of cells for 30
minutes in a medium containing 30 mM urea did not affect
[Ca21]i; the values were 138 6 2.1 nM before the incubation
and 139 6 2.6 nM after the incubation.
Since the glucose-induced rise in [Ca21]i in the renal
proximal tubular cells could be due to increased calcium
influx and/or augmented calcium release from intracellular
stores, we first examined the effect of the incubation of the
cells for 30 minutes in calcium free medium. The basal
levels of [Ca21]i of the cells incubated in calcium free
media were significantly (P , 0.01) lower than these of cells
incubated in a calcium containing media (62 6 1.6 vs.
134 6 3.5 nM). There was a modest increase in [Ca21]i of
cells incubated in a calcium free medium (11 6 0.33 nM)
compared to those incubated in a calcium containing media
(85 6 17 nM), Figure 2, suggesting that the glucose-induced
rise in [Ca21]i is in major part due to increased calcium
entry into the cells with a smaller component generated by
release of calcium from intracellular stores.
We, therefore, examined the effect the calcium channel
blockers, verapamil (20 and 40 mM), nifedipine (2 and 4
mM), and amlodipine (2 and 4 mM), on the magnitude of the
rise in [Ca21]i of the renal proximal tubular cells incubated
for 30 minutes in a medium containing 30 mM glucose.
There was a dose dependent inhibition of glucose-induced
rise in [Ca21]i of these cells (Fig. 3). The magnitude of the
increments in [Ca21]i with the higher dose of verapamil
(18 6 3.3 nM), and nifedipine (10 6 2.7 nM) were not
different from those seen in the studies with calcium free
medium (11 6 2.3 nM). The higher dose of amlodipine
blocked almost completely the glucose-induced rise in
[Ca21]i.
Ryanodine, an agent that depletes [23] and/or inhibits
calcium release [24] from intracellular stores, caused a
modest reduction in the glucose-induced rise in [Ca21]i of
the renal proximal tubular cells. The increments in [Ca21]i
of the cells incubated in a medium containing 30 mM
glucose in the presence and absence of 1.0 mM ryanodine
were 55 6 6.2 and 85 6 1.7 nM, respectively (Fig. 2).
The stimulation of calcium channels and of the release of
intracellular calcium by high glucose concentration suggest
that the latter activates intracellular pathways. We, there-
fore, examined whether higher glucose concentration stim-
ulates G protein(s) of the renal proximal tubular cells.
Figure 4 shows that both G protein inhibitor (GDPbS) and
pertussis toxin, an agent that prevents receptor mediated
processes that utilize G protein(s) [25], inhibited in a dose
Fig. 1. (A) Levels of cytosolic calcium ([Ca21]i) of renal proximal
tubular cells during their incubation in 5.5 mM (E) or 30 mM (F) glucose
for different periods of time. (B) Levels of [Ca21]i of renal proximal
tubular cells incubated for 30 minutes in media containing 10, 20, or 30
mM of glucose (E), choline chloride (M) or mannitol (F). In both panels,
each datum point represents the mean of 6 to 7 studies and the brackets
denote 1 SE.
Fig. 2. Changes in [Ca21]i of renal proximal tubular cells incubated for
30 minutes in media containing 30 mM of glucose and calcium (f), 30 mM
glucose and calcium plus 1 mM ryanodine (o), or 30 mM glucose but
without calcium (M). Each column represents mean value of 6 studies and
brackets denote 1 SE.
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dependent manner the glucose-dependent rise in [Ca21]i of
renal proximal tubular cells.
Both RpcAMP, a competitive inhibitor of cAMP binding
to the R subunit of protein kinase A [26] and H-89, an
inhibitor of protein kinase A [27] caused a dose dependent
inhibition of the glucose-induced rise in [Ca21]i of the renal
proximal tubular cells (Fig. 4). Similarly, both staurospor-
ine and calphostin, which are inhibitors of protein kinase C
[28, 29], also inhibited the effect of high glucose concen-
tration on the [Ca21]i of the renal proximal tubular cells
(Fig. 5).
HOE 694, a compound that inhibits the activity of the
Na1-H1 antiport [30], produced a modest but significant
(P , 0.01) inhibition of the glucose-induced rise in [Ca21]i
of the renal proximal tubular cells. The values of [Ca21]i of
these cells incubated with 30 mM glucose in the absence or
presence of 10 or 20 mM HOE 694 were 213 6 2.8, 198 6
1.8 and 182 6 2.0 nM, respectively.
Fig. 3. Changes in [Ca21]i of renal proximal
tubular cells incubated for 30 minutes in media
containing 30 mM of glucose alone (f) and in
media containing 30 mM of glucose with
verapamil, nifedipine or amlodipine. Each
column represents mean value of 7 studies and
brackets denote 1 SE.
Fig. 4. Effect of G protein inhibitor, pertussis toxin, RpcAMP and H-89 on the glucose-induced rise in [Ca21]i of renal proximal tubular cells. In the
studies with pertussis toxin the cells were incubated with the toxin for 60 minutes in media containing 5.5 mM glucose. Then they were transferred to
a media containing 30 mM glucose and pertussis toxin. Solid columns (f) depict data from cells incubated for 30 minutes in a media containing 30 mM
glucose alone. In the other columns, the incubation media contained 30 mM glucose and the particular agents. Each column represents the mean of 7
to 11 studies and brackets denote 1 SE.
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The incubation of the renal proximal tubular cells with
high glucose concentration (30 mM) was associated with a
significant (P , 0.01) decrements in the ATP content. The
viability of these cells was not affected by the high glucose
concentration. Similar concentration of urea did not affect
ATP content of the cells (Table 1). The values of Vmax of
calcium ATPase of the renal proximal tubule cells were
significantly (P , 0.01) lower in cells incubated for 30
minutes in 30 mM glucose than values in cells incubated for
30 minutes in 5.5 mM glucose (9.6 6 1.8 vs. 26.3 6 1.2 mmol
ATP/mg protein/hr).
DISCUSSION
Our results demonstrate that the exposure of renal
proximal tubular cells to high glucose concentration is
associated with a time and dose dependent acute rise in
their [Ca21]i. This effect of glucose has been observed in
other cells, such as cultured rat tail artery vascular smooth
muscle cells [13], polymorphonuclear leukocytes [14] and
cardiac myocytes [15]. Also, Dowd and Gupta, utilizing
nuclear magnetic resonance technique, showed that the
perfusion of the kidney with a medium containing 25 mM
glucose was associated with a significant rise in the intra-
cellular free calcium of the kidney [31]. Thus, it appears
that the effect of high glucose concentration on [Ca21]i of
cells is a generalized phenomenon.
In the studies on polymorphonuclear leukocytes [14],
cardiac myocytes [15] and renal proximal tubular cells
(present report), the rise in [Ca21]i of the cells is not
related to a specific characteristic of glucose but rather it is
due to its osmotic activity, that is, shrinkage of cells. This
proposal is based on the observation that two other agents,
mannitol and choline chloride, in similar molar concentra-
tions to that of glucose produced a rise in [Ca21]i similar to
that induced by glucose. On the other hand, urea, which
penetrates the cells and does not cause shrinkage, did not
increase [Ca21]i in all these cells.
A rise in [Ca21]i could be produced by increased calcium
influx into cells, augmented calcium release from intracel-
lular stores and/or decreased calcium efflux out of cells.
Several observations in our study indicate that all these
processes are involved in the genesis of the glucose-induced
rise in [Ca21]i of the renal proximal tubular cells.
Indeed, 87% of the effect of glucose on [Ca21]i was
abolished when the cells were incubated in a calcium free
media, and verapamil, and nifedipine inhibited 78% and
88% of the glucose-induced rise in [Ca21]i, respectively.
These observations clearly demonstrate that the major bulk
of the glucose-induced rise in [Ca21]i is due to calcium
influx into the cells, while a small part of it comes from
intracellular stores. The results of the studies with ryano-
dine performed on cells incubated in a calcium containing
media provide further support that a release of calcium
from intracellular stores contributes to the acute rise in
[Ca21]i. Indeed, ryanodine caused a 36% decrease in the
magnitude of the glucose-induced rise in [Ca21]i.
Our results also show that the exposure of the renal
proximal tubular cells to high glucose concentration is
associated with a significant decrement in Vmax of the
Ca21ATPase, an enzyme that plays a major role in calcium
extrusion out of cells. Thus, a decrease in calcium efflux
from the renal proximal tubular cells occurs when they are
exposed to high glucose concentration. Since ATP is
needed for the functional integrity of Ca21ATPase [32, 33],
the reduction in the ATP content of the renal proximal
tubular cells could be responsible, at least in part, for the
decreased activity of the enzyme. The mechanisms respon-
sible for the decrease in ATP content of the cells exposed
to high glucose concentration were not examined in our
study.
The demonstration that verapamil, nifedipine and amlo-
dipine inhibited the glucose-induced rise in [Ca21]i indicate
that calcium channels inhibitable by these agents are acti-
vated by high glucose concentration. Calcium channels may
be directly activated by G protein(s) [34] or indirectly via
cAMP dependent phosphorylation [35], a process that
utilizes cAMP dependent protein kinase A [36]. Our results
are consistent with the notion that high glucose concentra-
tion indeed stimulates G protein(s) and activates the
adenylate cyclase-cAMP-protein kinase A pathway. First,
GDPbD, an inhibitor of G protein(s), and pertussis toxin,
an agent that prevents receptor-mediated processes that
utilize G protein(s) [25], inhibited in a dose dependent
manner the glucose-induced rise in [Ca21]i of the renal
proximal tubular cells. Second, interference of the cAMP-
protein kinase A pathway by RpcAMP or H-89 produced
also a dose-dependent inhibition of the glucose-induced
rise in [Ca21]i.
Fig. 5. Changes in [Ca21]i of renal proximal tubular cells incubated for
30 minutes in media containing 30 mM of glucose alone and in media
containing 30 mM glucose with various concentrations of staurosporine or
calphostin. Each column represents the mean of 6 studies and the
brackets denote 1 SE.
Symonian et al: High glucose and [Ca21]i1210
Stimulation of G protein(s) also activates the phospho-
lipase C pathway [25, 37], which would result in the
generation of inositol 1,4,5 triphosphate (IP3), and diacyl-
glycerol, which leads to the activation of protein kinase C.
The finding in our study that both staurosporine and
calphostin, inhibitors of protein kinase C, also inhibit the
glucose induced rise in [Ca21]i in renal proximal tubular
cells indicates that protein kinase C in these cells is
activated by high glucose concentration. This observation is
in agreement with other studies demonstrating that hyper-
glycemia may increase the activity [38] or the translocation
of protein kinase C [39], or both [40]. Indeed, activation of
protein kinase C by phorbol ester is associated with a rise in
[Ca21]i of many cells including pancreatic islets [41], hepa-
tocytes [42], thymocytes [43] and adipocytes [44]. Although
the mechanisms through which the activation of protein
kinase C raises [Ca21]i are not well elucidated, certain data
suggest that protein kinase C may depolarize cell mem-
brane [45] and/or activate calcium channels [14].
Another potential pathway through which calcium may
enter the renal proximal tubular cells during their exposure
to high glucose concentration is the stimulation of the
Na1-H1 exchanger by cell shrinkage [46, 47]. The activa-
tion of this exchanger would lead to the exit of H1 from the
cells, an event that would stimulate the Na1-Ca21 exchange
leading to calcium entry into the cells. Our results indicate
that these processes play a minor role in the glucose-
induced rise in [Ca21]i in that HOE 694, an inhibitor of
Na1-H1 exchanger [30], caused only a small reduction in
the glucose-induced rise in [Ca21]i of these cells.
In our study, the generation of IP3 was not measured.
However, if the phospholipase C is activated by G protein
during the exposure of the cells to high glucose concentra-
tion one would expect that IP3 generation is stimulated. IP3
mobilizes calcium from intracellular stores and would be
responsible, at least in part for the small increment in
[Ca21]i of the renal proximal tubular cells during their
incubation in a calcium free medium containing 30 mM
glucose. It is interesting that the magnitude of the inhibi-
tion of the rise in [Ca21]i by ryanodine when cells were
incubated in a medium containing calcium was greater than
the rise in [Ca21]i of cells incubated in calcium free media
containing 30 mM glucose. This observation suggests that
the mobilization of calcium from intracellular stores may be
due to IP3 generation and to the calcium-induced calcium
release phenomenon [48], the latter being stimulated by the
calcium influx through the calcium channels.
In the present study, we did not measure the effect of
high concentrations of glucose, mannitol or choline chlo-
ride on the volume of the renal proximal tubular cells.
However, in a previous study we demonstrated that high
concentration of glucose or choline chloride produced a
dose-dependent reduction in the volume or polymorpho-
nuclear leukocytes [14]. It is therefore possible that a
similar effect occurs in the renal proximal tubular cells. The
shrinkage in the cells is most likely recognized by a sensor
(a potential receptor) in the cell membrane and/or in the
cytoskeleton of the cell. This process would be followed by
a multitude of intracellular events leading to the acute rise
in their [Ca21]i. It appears, however, that activation of
calcium channels inhibitable by verapamil, nifedipine and
amlodipine plays a major role in this phenomenon. Mobi-
lization of calcium from intracellular stores and decreased
calcium efflux contribute to this process as well.
Although our data may assign to the shrinkage of the
cells a primary role in the genesis of the rise in their
[Ca21]i, other possibilities should be considered. Glucose
enters the renal proximal tubular cells coupled with sodium
[49], and it may be metabolized by these cells and conse-
quently affect their ionic composition. Glycolysis would
result in the formation of organic acids and lower intracel-
lular pH. This change in pH may contribute to the rise in
[Ca21]i. Indeed, Resnick et al, utilizing NMR spectroscopy,
reported that the incubation of red blood cells in high
glucose concentration was associated with both a rise in
their [Ca21]i and a fall in their intracellular pH [50].
Glucose may also glycosylate plasma membrane Ca21ATPase
and consequently inhibit the activity of this enzyme [51],
Table 1. Effect of high glucose or urea concentrations on ATP content and viability of renal proximal tubule cells
Time minutes
0 10 20 30
Studies with glucose
5.5 mM Glucose mmol ATP/mg proteins 4.5 6 0.21 4.5 6 0.20 4.0 6 0.22 3.8 6 0.23
Cell viability % 95 6 0.90 95 6 0.6 94 6 1.0
30 mM Glucose mmol ATP/mg proteins 5.0 6 0.21 3.6 6 0.16a 2.5 6 0.12b 1.5 6 0.14c
Cell viability % 93 6 0.5 92 6 0.4 92 6 0.6
Studies with urea
5.5 mM Glucose mmol ATP/mg proteins 3.6 6 0.16 3.6 6 0.19 3.5 6 0.13 3.5 6 0.15
Urea 30 mM mmol ATP/mg proteins 3.7 6 0.18 3.5 6 0.16 3.4 6 0.17 3.6 6 0.12
Cell viability % 95 6 0.4 94 6 0.6 94 6 0.5
Data are presented as mean 6 1 SE, N 5 7. Cell viability was determined by Trypan blue exclusion test.
a P , 0.01 from time 0
b P , 0.01 from time 0 and from 10 minutes
c P , 0.01 from all other time periods
Symonian et al: High glucose and [Ca21]i 1211
resulting in decreased exit of calcium out of the cells. Indeed,
our data did show that the activity of this enzyme is reduced
after the exposure of the renal proximal tubule to high glucose
concentration.
It is of interest that swelling of the renal proximal tubular
cells is associated with a rise in [Ca21]i, activation of
phospholipase C, generation of IP3 and activation of pro-
tein kinase C [52–54]. Data from O’Neil and Leng [54]
showed that the cAMP/PKA pathway may have a minor
effect, at best, on the regulation of the rise in [Ca21]i
during swelling of the renal proximal tubular cells. Further,
Ruhfus, Tinel and Kinne reported that activation of G
protein(s) occurs in response to swelling of the inner
medullary collecting duct cells [55]. Therefore, it seems that
both swelling or shrinkage of renal proximal tubular cells
activate a comparable cascade of cellular events leading to
rise in [Ca21]i. This rise in [Ca21]i appears to be essential
for volume regulation of the cells during osmo-mechanical
changes in their volume.
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